Benzene is one of the target compounds to be removed from air owing to its carcinogenicity. In this study, benzene oxidation with ozone over a MnO x /KIT-6 catalyst was carried out for the first time. MnO x /KIT-6 was synthesized using two different Mn precursors: Mn acetate and Mn nitrate. The characteristics of the synthesized catalysts were examined by X-ray diffraction, X-ray photoelectron spectroscopy, temperature-programmed reduction, Brunauer-Emmett-Teller (BET) surface area, and N 2 adsorption-desorption. The catalytic activity was found to be dependent on the amount of ozone consumed and the dispersion and reducibility of MnO x on the catalyst surface.
INTRODUCTION
Volatile organic compounds (VOCs) have adverse effects on the atmospheric environment by inducing the production of surface ozone and photochemical smog. Benzene, which is a particularly hazardous carcinogen, has been used as a representative VOC species in research into air pollution control. Among a range of methods used to remove VOCs, catalytic oxidation is the most efficient method. In particular, extensive studies have recently been carried out on catalytic oxidation with ozone because it can be operated at low temperatures. Catalysts that exhibit high activity toward the catalytic oxidation of benzene with ozone are normally Mn-based. 1 Therefore, to develop an efficient catalyst for the oxidation of benzene with ozone, it is important to use a support material in which Mn can be dispersed well. In this respect, it is desirable to use a nanoporous material with a large surface area as the catalyst support for VOC removal. Although nanoporous materials are used widely in the catalytic oxidation of VOCs, there are few reports * Author to whom correspondence should be addressed. on catalytic oxidation with ozone. In particular, there are no reports on the removal of VOCs using a nanoporous material, KIT-6. KIT-6 has a three-dimensional cubic Ia3d nanoporous structure consisting of penetrating continuous networks of chiral channels. This three-dimensional channel structure has large open pores that are seldom blocked during the catalytic processes. Moreover, it is easy for the target species to diffuse into the pores. Therefore, nanoporous KIT-6 with a large specific surface area and pore volume is expected to be advantageous for the dispersion of Mn and should exhibit high catalytic activity for the catalytic oxidation of benzene with ozone. In this study, Mn-impregnated KIT-6 (MnO x /KIT-6) catalysts were synthesized using two different Mn precursors, Mn acetate and Mn nitrate, and their catalytic activities for the oxidation of benzene with ozone were compared.
EXPERIMENTAL DETAILS

Synthesis of MnO x /KIT-6
The synthesis of nanoporous silica KIT-6 and impregnation of Mn were carried out using the methods reported elsewhere. 2 3 KIT-6 catalysts prepared using manganese nitrate and manganese acetate as the Mn precursors are denoted as MN15%/KIT-6 and MA15%/KIT-6, respectively.
Characterization of MnO x /KIT-6
The synthesized catalysts were characterized by X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), N 2 adsorption-desorption, temperature-programmed reduction (TPR), and X-ray photoelectron spectroscopy (XPS). For the detailed procedures of these analysis methods, please refer to our previous papers. 3 4 
Benzene Oxidation with Ozone
The catalytic reaction experiments were carried out using a fixed bed flow reactor. The detailed experimental procedure was reported by Lee et al. 5 Table I lists the specific surface areas and pore volumes of the three KIT-6 samples: KIT-6 material before Mn-impregnation and two MnO x /KIT-6 catalysts. Compared to KIT-6, MA15%/KIT-6 had a much smaller specific surface area and pore volume with a factor of about 1/3 for both. The specific surface area and pore volume of MN15%/KIT-6 were approximately half those of KIT-6. Figure 1 shows the nitrogen adsorption-desorption results of KIT-6 and the two Mn-impregnated catalysts. All three samples showed IUPAC type IV isotherms. The hysteresis, which is a characteristic of nanoporous materials, appeared at the same pressure (P /P 0 range of 0.6∼0.7 for all samples. The magnitude of hysteresis, however, was slightly smaller for MA15%/KIT-6 than for MN15%/KIT-6. Figure 2 shows the pore size distributions of the three samples. Although the peak pore size of KIT-6 was 8.1 nm, those of the Mn-impregnated catalysts, MA15%/KIT-6 and MN15%/KIT-6, were both approximately 6.9 nm. Figure 3 shows the XRD patterns of two MnO x /KIT-6 catalysts. The (211), (220), and (332) peaks appearing identically for both samples at low angles indicated a cubic Ia3d structure. 2 This demonstrates that the impregnation of Mn did not destroy the KIT-6 structure. On the other hand, Table I . Surface areas and total pore volumes of mesoporous material (KIT-6) samples. at high angles, MN15%/KIT-6 showed 7 peaks indicating Mn 2 O 3 , which were not observed for MA15%/KIT-6. This indicates that a good dispersion of Mn in KIT-6 had been achieved when Mn acetate precursor was used, whereas the use of the Mn nitrate precursor resulted in poor Mn dispersion. Figure 4 shows the Mn 2p XPS spectra of the two MnO x /KIT-6 catalysts. Deconvolution was carried out for both samples to determine the oxidation state of Mn. Three oxidation state peaks of Mn were reported: Mn 2 O 3 (641 2 ± 0 2 eV), MnO 2 (642 2 ± 0 4 eV) and Mnnitrate (644 2±0 4 eV). 6 Although MN15%/KIT-6 showed all three oxidation states (mostly MnO 2 , MA15%/KIT-6 showed only two oxidation states, Mn 2 showed a small peak at 264 C, a shoulder peak at 360 C, and a large reduction peak at 454 C. The lower reduction temperature of MA15%/KIT-6 than MN15%/KIT-6 indicates that the degree of reduction and hence the mobility of the lattice oxygen of Mn in MA15%/KIT-6 were higher. Figure 6 shows the conversions of benzene and ozone obtained with different Mn precursors. MA15%/KIT-6 showed a much higher level of ozone and benzene conversion than MN15%/KIT-6, which was attributed to its better MnO x dispersion (as shown in the XRD result) and higher reducibility (as shown by TPR). Figure 7 presents the benzene conversion and CO x (CO 2 + CO) yield obtained using MA15%/KIT-6 and MN15%/KIT-6. The CO x yield represents the degree of catalytic oxidation of benzene, which is dependent on the performance of the catalysts. Again, MA15%/KIT-6 showed a higher CO x yield than MN15%/KIT-6. Figure 8 shows the benzene conversion and CO x yield obtained with MA15%/KIT-6 as a function of ozone consumption. Both benzene conversion and the CO x yield increased with increasing ozone consumption.
RESULTS AND DISCISSION
Characterization of KIT-6 Samples
Catalytic Benzene Oxidation with Ozone
On the other hand, benzene conversion was almost zero when ozone was not supplied or when no catalyst was used. This suggests that the catalytic decomposition of ozone occurred first, followed by the decomposition of benzene due to a reaction with the oxidants produced from ozone decomposition. The decomposition of ozone to oxygen over MnO x can be explained by the following mechanism:
where * represents the active sites on the catalyst. Figure 9 shows the mole fractions of CO 2 and CO obtained at different levels of benzene conversion, i.e., with different levels of ozone supply. The fractions of CO 2 and CO were not affected by benzene conversion. This suggests that benzene and the reaction intermediates adsorbed on the catalyst surface had been converted to CO 2 and CO independently. 1 8 When the experiment was carried out at a lower temperature (60 C), the CO x yield obtained with MA15%/KIT-6 was 70 carbon wt%, which was higher than that obtained with MN15%/KIT-6 at 80 C (62%). This demonstrated the higher catalytic activity of MA than MN again. 
CONCLUSIONS
Both MnO x /KIT-6 catalysts exhibited high catalytic activities for the low-temperature oxidation of benzene with ozone. MA15%/KIT-6 showed higher benzene conversion, ozone conversion and CO x yield than MN15%/KIT-6. The higher activity of MA15%/KIT-6 was attributed to its better MnO x dispersion and higher reducibility than MN15%/KIT-6. Little or no benzene oxidation occurred when no catalyst or ozone had been supplied.
